QICK (Quantum Instrumentation Control Kit),
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Warm electronics for control, detection, and readout
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This talk focus: detectors and processing elements for high energy physics and quantum information science.
In particular, detectors for cosmological studies of the CMB, DM and DE.
Those detectors generate very faint signals. SNR is the main issue.
I SNR is improved by working at very low T: 10mK-300mK, depending on the technology.
Quantum detector signals are likely the smallest power of the class.
Some computing elements (qubits) in quantum information science are technologically similar.
Some detectors for quantum networks are also technologically similar.
Technologlcally speaking they share some physics principles and properties
Quantum optics and electrodynamics.
Made to operate in superconducting regime.

Operated cryogenically below 1K.

Independently of the spectrum they are looking at (e.g. microwaves, IR, visible) the detectors translate the signal into an
electromagnetic output in the RF spectrum (e.g. 1GHz-20GHz).

I Many of those detectors and QIS systems need to be exited by DC or RF signals or pulses.

This work is largely supported by DOE-QSC and DOE-HEP-Detector R&D and projects.
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Warm and cold electronics for control, detection, and readout
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To highly suppress thermal photons (noise) the input lines place
attenuators at strategic locations at several T stages inside the
fridge. 40 to 60 dB typical.

I That places a requirement of power in the warm electronics for
control and readout.

Since refrigerator lines are expensive and large, it is highly
desired to place multiple detectors/qubits on the same
input/output lines.

I The most successful case is the MKID (Microwave Kinetic
Inductance Detector) which has proved to place 2000 resonators
using frequency multiplexing in the 4-8GHz (B. Mazin lab UCSB).

Typical excitation/control signals are on the order of -90dBm to
-110dBm depending on the technology and material.

To keep SNR at the output LNAs are required

I Parametric amplifiers. Sometimes using squeezed params below
guantum limit noise.

I HEMT ~1K noise T.
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Warm and cold electronics for control, detection, and readout

A 10 K'pixel MKID designed by UCSB (B.
Mazin)

A The warm electronics for control and readout requires signal generators,
sometimes AWGs (Arbitrary Waveform Generators) with continuous or
pulsed signals.

A Frequency multiplexing of continues RF signals of up to several thousand
tones are used.

i The excitation frequency comb must be clean of harmonics and spurs.

I Typical specifications are: 100dBc/sqrt(Hz), SFDR>70dB.

I Individual power control for every frequency tone.

I Individual frequency control for every frequency tone with a resolution of a fraction of the
detector BW (e.g. resolution of <1KHz for a typical 100KHz KID).

A Frequency and time domain multiplexing of band limited signals

i Required for quantum control.
A DC coupled control up to 1GHz of BW
I Some systems require few KHz ramps.
A DC biasing, up to 20 bits.
A What is the best architecture and technology to solve the problem with high

performance and in the most cost-effective way?
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2015 fMESSI: 1Kpixel control and readout board by Fermilab-UCSB
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[ years ago!
Single RF output/input in 4-8 GHz

MEC required 20 fMESSI for 20Kpixel camera.

FPGA technology plays a big role the design of complex
signal generation and readout functions:

Digital signal processing galore!
i Digital up/down converters.
I Polyphase filter banks.

i Digital filters.
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fMESSI 2016-2020 MEC: 20K MKID system operating at 8m

W telescope at Subaru since 2018 using FNAL

Gen2 fMESSI electronics (20 boards)
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Channelizers (for synthesis and analysis).
Optimal control.

DARKNESS at Palomar 2016
Q===

Previous, related work
20K MKID pixel camera (MEC) at 8m Subaru telescope (2018).
https://web.physics.ucsb.edu/~bmazin/projects/mec.html

10K MKID pixel camera DARKNESS at Palomar (2015)
Both instruments in collaboration with Bea | | ALgbPACSB)
https://web.physics.ucsb.edu/~bmazin/projects/darkness.html
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https://web.physics.ucsb.edu/~bmazin/projects/mec.html
https://web.physics.ucsb.edu/~bmazin/projects/darkness.html

2021 QICK1: integrated control and readout for detectors and QIS
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A fully integrated readout and control system for QIS, quantum networks and superconducting detectors.

I No extra room temperature hardware needed.
Increased performance: RF control up to 10GHz. DC coupled control up to 2GHz. 1ppm resolution in bias channels. 2ps
resolution in timing measurements.

I 16 x 14-bit DAC outputs in DC to 10 GHz. I-Q done in digital => you only need half the number of outputs

Frequency multiplexing of up to 8K channels per board.
Frequency multiplexed control and readout up to 16 qubits per output/input.
The cost of the system is $20K including the digital FPGA board and RF custom board.

Quibit eontrol is still full of efi-the-shelf expensive equipment. HEP can help a lot (and that is wihat we dicd with QICK)

Replaces ~$1|V|, full rack, ofhe-shelf | > with $20K smgle palr of boards

RFSoc
FPGA
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QICK for detectors: CMB, dark matter, dark energy, guantum network, gravitational wave detectors

A 8K channels on a single XCU28DR FPGA, cost $2/channel including the cost of RF warm electronics.
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1000 channels
Per RF feedline decoded with better than 80dB
channel separation.

Total input: 2GHz per
feedline.

1000 channels, 2MHz
(typical) separation.
Channel frequency fine
adjustment using DDS.
Channel output measures
power or single photons.
Output/input powers
adjustable.

Fast digital up/down
conversion.
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QICK for detectors: CMB, dark matter, dark energy, guantum network, gravitational wave detectors

Mapping the CMB at High- Adam Anderson (FNAL) et al., SPT coll
Frequency with Kinetic
Inductance Detectors on the

South Pole Telescope . = A MKIDs offer SPT upgrade a

unique opportunity to improve
science, even reaching Rayleigh
scattering and kSZ sensitivities
comparable to CMB-4

| c— | | A More detectors per area.
e I A Low res. Spectroscopy.

19 March 2021
CPAD 2021

JULY 2022
MOHR. OKKol T 0 63 AVERY PRELIMINAREDATA FROM 15T DETECTOR WITH THE QICK READOUT
WE ARE DEBUGGING THE DETECTOR AND THE SETUPR,
ALL SEEMS HEADING IN THE RIGHT DIRECTION.
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